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Cyclic lipopeptides (CLPs) are produced by many Pseudomonas species and have several biological functions,
including a role in surface motility, biofilm formation, virulence, and antimicrobial activity. This study focused
on the diversity and role of LuxR-type transcriptional regulators in CLP biosynthesis in Pseudomonas species
and, specifically, viscosin production by Pseudomonas fluorescens strain SBW25. Phylogenetic analyses showed
that CLP biosynthesis genes in Pseudomonas strains are flanked by LuxR-type regulators that contain a
DNA-binding helix-turn-helix domain but lack N-acylhomoserine lactone-binding or response regulator do-
mains. For SBW25, site-directed mutagenesis of the genes coding for either of the two identified LuxR-type
regulators, designated ViscAR and ViscBCR, strongly reduced transcript levels of the viscABC biosynthesis
genes and resulted in a loss of viscosin production. Expression analyses further showed that a mutation in
either viscAR or viscBCR did not substantially (change of <2.5-fold) affect transcription of the other regulator.
Transformation of the viscAR mutant of SBW25 with a LuxR-type regulatory gene from P. fluorescens strain
SS101 that produces massetolide, a CLP structurally related to viscosin, restored transcription of the viscABC
genes and viscosin production. The results further showed that a functional viscAR gene was required for
heterologous expression of the massetolide biosynthesis genes of strain SS101 in strain SBW25, leading to the
production of both viscosin and massetolide. Collectively, these results indicate that the regulators flanking the
CLP biosynthesis genes in Pseudomonas species represent a unique LuxR subfamily of proteins and that
viscosin biosynthesis in P. fluorescens SBW25 is controlled by two LuxR-type transcriptional regulators.
Cyclic lipopeptides (CLPs) have diverse functions for soil-
and plant-associated Pseudomonas species, including a role in
motility, biofilm formation, virulence, and defense against
competing (micro)organisms (34). CLPs are synthesized by
large, nonribosomal peptide synthetases (NRPS), which form
an assembly line of various enzymatic steps, resulting in the
modification and stepwise incorporation of amino acids in the
peptide moiety (20, 39). For Pseudomonas species, the biosyn-
thesis genes for syringomycin, syringopeptin, syringafactins,
amphisin, arthrofactin, viscosin, massetolides, and putisolvin
are now sequenced (2, 11, 12, 15, 22, 34). In comparison to the
understanding of CLP biosynthesis, however, knowledge about
the genetic regulation is limited and fragmentary.
For the various Pseudomonas strains studied to date, the
GacA/GacS two-component system is a key regulator of CLP
biosynthesis, as a mutation in either of the two encoding genes
results in a loss of CLP production (11, 12, 14, 27, 28). For
plant pathogenic Pseudomonas fluorescens strain 5064 and sa-
prophytic Pseudomonas putida strain PCL1445, N-acylhomo-
serine lactone (N-AHL)-mediated quorum sensing was shown
to be required for viscosin and putisolvin biosynthesis, respec-
tively (10, 16). In many other pathogenic and saprophytic
Pseudomonas strains, however, CLP production is not regu-
lated via N-AHL-mediated quorum sensing (1, 11, 18, 26).
Downstream of the Gac system, the heat shock proteins DnaK
and DnaJ were shown to regulate putisolvin biosynthesis in P.
putida strain PCL1445 (14). Although their exact role is not yet
resolved, it was suggested that DnaK and DnaJ may be re-
quired for proper folding or activity of other regulators or are
involved in the assembly of the peptide synthetase complex.
Downstream of the Gac system in plant pathogenic Pseudomonas
syringae pv. syringae, two genes, designated salA and syrF, were
identified as LuxR-type transcriptional regulators of syringomycin
and syringopeptin biosynthesis (27, 30, 31, 44). In the salA mu-
tant, syringomycin/syringopeptin production was completely abol-
ished, whereas production of these CLPs was reduced by 88% in
the syrF mutant, based on the results of activity assays with Geotri-
chum candidum (30). LuxR-type transcriptional regulators were
also shown to be involved in the biosynthesis of syringafactins and
putisolvin: mutations in syrF or psoR resulted in the loss of syrin-
gafactin and putisolvin production in P. syringae pv. tomato and
P. putida, respectively (2, 15).
The LuxR superfamily consists of transcriptional regulators
that contain a DNA-binding helix-turn-helix (HTH) motif in
the C-terminal region. Based on their activation mechanism,
LuxR-type regulators can be divided into two major groups, as
follows: (i) regulators that belong to a two-component sensory
transduction system and are activated upon phosphorylation,
e.g., FixJ of Sinorhizobium meliloti (3), and (ii) regulators that
are activated via binding to an autoinducer like N-AHL, e.g.,
LuxR of Vibrio fischeri (21). In addition, there are various
LuxR-type regulators that contain the C-terminal HTH motif
but do not belong to these two subfamilies. Examples of these
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are regulators that are activated upon ligand binding, e.g.,
MalT of Escherichia coli, induced by maltotriose (36), and
so-called autonomous effector domain LuxR-type regulators,
e.g., GerE, which is involved in regulating spore formation in
Bacillus subtilis (17). With respect to CLP biosynthesis, two
LuxR-type regulators have been identified to date. These in-
clude PpuR, a LuxR-type regulator involved in putisolvin pro-
duction by P. putida PCL1445 and which harbors a putative
N-AHL-binding domain (16), and the LuxR-type regulators
SalA, SyrF, and SyrG in P. syringae pv. syringae; these latter
LuxR-type regulators do not contain N-AHL-binding domains
or response regulator domains and, therefore, do not belong to
either of the two major LuxR-type subfamilies (27, 30, 31, 44).
This study focused on the function of specific LuxR-type
regulators in P. fluorescens SBW25, a strain isolated from the
phyllosphere of the sugar beet (43) and extensively used as a
model for bacterial evolution and adaptation (35). Strain
SBW25 produces the CLP viscosin, which plays an important
role in swarming motility, biofilm formation, and activity
against oomycete plant pathogens (12). Viscosin biosynthesis is
governed by the NRPS genes viscA, viscB, and viscC. In con-
trast to the organization of most other CLP gene clusters
described to date, the visc genes are not genetically linked, with
viscA located approximately 1.62 Mb from viscBC on a linear
map of the SBW25 genome (12). The biosynthesis of viscosin
is regulated by the Gac system but not by N-AHL-mediated
quorum sensing (11, 12, 44). Sequence analysis of the genes
flanking the viscosin biosynthesis genes in strain SBW25 re-
vealed the presence of two genes encoding LuxR-type tran-
scriptional regulators designated ViscAR and ViscBCR. Both
regulators were analyzed for specific motifs and domains, in-
cluding HTH motifs and N-AHL domains, and for their re-
latedness to other LuxR-type transcriptional regulators. The
role of ViscAR and ViscBCR in viscosin production for strain
SBW25 was investigated by site-directed mutagenesis, followed
by gene expression and biochemical analyses.
MATERIALS AND METHODS
Bacterial strains and culture conditions. P. fluorescens strains SBW25 and
SS101 were grown on Pseudomonas agar F (Difco) plates or in liquid King’s
medium B (KB) at 25°C. The viscA, viscB, and viscC biosynthesis mutants
were obtained as described previously (12). Escherichia coli strain DH5 was
used as a host for the plasmids used in site-directed mutagenesis and genetic
complementation. E. coli strains were grown on Luria-Bertani (LB) plates or in
LB broth amended with the appropriate antibiotics.
Bioinformatic analyses. Identification of the genes flanking the CLP biosyn-
thesis genes was performed by either Blastx or Blastp analysis. For phylogenetic
analyses, alignments were made with ClustalX (version 1.81), and trees were
inferred by neighbor joining, using 1,000 bootstrap replicates. Autoinducer and
response regulator domains were identified by Pfam analysis (http://pfam.sanger
.ac.uk/search?tabsearchSequenceBlock).
Site-directed mutagenesis. Site-directed mutagenesis of the viscAR and vis-
cBCR genes was performed based on the method described by Choi and Schwei-
zer (9), generating viscAR::Gmr (referred to as viscAR) and viscBCR::Gmr
(referred to as viscBCR). The primers used for amplification are described in
Table 1. The 5- and 3-end fragments were chosen in such a way that when
homologous recombination in Pseudomonas takes place, the FRT-Gm-FRT cas-
sette is inserted approximately 383 bp after the start of the viscAR and 192 bp
after the start of viscBCR open reading frames. The FRT-Gm-FRT cassette was
amplified with pPS854-GM, a derivative of pPS854 (24), and FRT-F and FRT-R
were used as primers (Table 1). The first-round PCR was performed with KOD
polymerase (Novagen), according to the manufacturer’s protocol. The program
used for the PCR consisted of 2 min of denaturation at 95°C, followed by five
cycles subsequently of 95°C, 55°C, and 68°C, each for 20 s. The PCR amplifica-
tion was preceded with 25 cycles, with annealing at 60°C. All fragments were run
on a 1% agarose gel and purified with a NucleoSpin kit (Macherey-Nagel). The
second-round PCR was performed by addition of equimolar amounts of the
5-end fragment, FRT-Gm-FRT, and 3-end fragments, and the PCR program
contained three cycles subsequently of 95°C, 55°C, and 68°C for 20, 30, and 60 s,
respectively. In the third extension cycle, 1.5 l of the Up forward and Dn reverse
primers (10 M) was added. The PCR amplification was preceded with 25 cycles
subsequently of 95°C, 58°C, and 68°C for 20, 20, and 120 s, respectively, and PCR
fragments were purified as described above. The fragments were digested with
BamHI or KpnI and cloned into BamHI- or KpnI-digested NucleoSpin-purified
plasmid pEX18Tc. E. coli DH5 was transformed with the obtained pEX18Tc-
viscAR and pEX18Tc-viscBCR plasmids by heat shock transformation, according
to the work of Inoue et al. (25), and transformed colonies were selected on LB
medium supplemented with 25 g/ml gentamicin (Sigma). Integration of the
inserts was verified by PCR analysis with pEX18Tc primers (Table 1) and by
restriction analysis of isolated plasmids. The inserts were verified with sequenc-
ing by BaseClear (Leiden, The Netherlands). The correct pEX18Tc-viscAR and
pEX18Tc-viscBCR constructs were subsequently electroporated into strain
SBW25. Electrocompetent cells were obtained according to the work of Choi
et al. (8) by washing the cells three times with 300 mM sucrose from a 6-ml
overnight culture and finally dissolving the cells in 100 l of 300 mM sucrose.
Electroporation occurred at 2.4 kV and 200 F, and after incubation in SOC
medium (2% Bacto tryptone [Difco], 0.5% Bacto yeast extract [Difco], 10 mM
NaCl, 2.5 mM KCl, 10 mM MgCl2, 10 mM MgSO4, 20 mM glucose [pH 7]) for
2 h at 25°C, cells were plated on KB supplemented with gentamicin (25 g/ml).
Obtained colonies were grown in LB medium for 1 h at 25°C and plated on LB
TABLE 1. Primers used in this study
Fragment used
for indicated
testing
Orientation Primer sequencesa
Site-directed
mutagenesis
FRT Forward 5-CGAATTAGCTTCAAAAGCGCTCTGA-3
Reverse 5-CGAATTGGGGATCTTGAAGTTCCT-3
viscAR-Up Forward 5-TCAAGCAAGCGGATCCGAAAAGATCC
GCACGCTGGA-3
Reverse 5-tcagagcgcttttgaagctaattcgGCGCTGTGTGAT
TTCGTTCT-3
viscAR-Dn Forward 5-aggaacttcaagatccccaattcgCAGCAGCTTGAT
ATCGAGCAC-3
Reverse 5-TCAAGCAAGCGGATCCCGGGAGGAAT
GCTTCATA AG-3
viscBCR-Up Forward 5-TCAAGCAAGCGGTACCCGACACGGCA
GATGAAACTG-3
Reverse 5-tcagagcgcttttgaagctaattcgGAATCGGTGTA
GATCGGGCT-3
viscBCR-Dn Forward 5-aggaacttcaagatccccaattcgATTGCCGATGGT
GGAAAAGC-3
Reverse 5-TCAAGCAAGCGGTACCGCGGTATCGG
GGTGATGAAT-3
pEX18Tc Forward 5-CCTCTTCGCTATTACGCCAG-3
Reverse 5-GTTGTGTGGAATTGTGAGCG-3
Heterologous
expression
massAR Forward 5-TG CTC CAG GGC GCT GTA GAG-3
Reverse 5-CAT GCC GAG GGT GCA CAG-3
Q-PCR
viscA Forward 5-GGACATCTGGCTCGA CCAA-3
Reverse 5-AGCCGCCGATGTTGTACAG-3
viscB Forward 5-GCCGTCGCCCTGTACGT-3
Reverse 5-GTCTTTTTCCGCGAGATGCT-3
viscC Forward 5-GGTTCTCCAAGGCGGTTTG-3
Reverse 5-GACCTTGGCGATGACTTTGC-3
rpoD Forward 5-GCAGCTCTGTGTCCGTGATG-3
Reverse 5-TCTACTTCGTTGCCAGGGAATT-3
viscAR Forward 5-AACGAAATCACACAGCGCC-3
Reverse 5-CCTCGCACCAGTGCAACC-3
viscBCR Forward 5-CGCAGGAGCGCAGCAT-3
Reverse 5-CCATCGGCAATAGCAACGT-3
a The 5 ends of the Up reverse and Dn forward primers for site-directed
mutagenesis contain a 25-bp sequence (lowercase letters) complementary to the
FRT-F and FRT-R primers for overlap extension in the second-round PCR. The
5 ends of the Up forward and Dn reverse primers contain a restriction site
(underlined) for BamHI, which is required for cloning into pEX18Tc.
4754 DE BRUIJN AND RAAIJMAKERS APPL. ENVIRON. MICROBIOL.
medium supplemented with gentamicin (25 g/ml) and 5% sucrose to select for
recombinants that do not carry an integrated sacB gene as a result of a double
crossover. Colonies were restreaked onto LB medium supplemented with gen-
tamicin and 5% sucrose and onto LB medium supplemented with tetracycline
(25 g/ml). Colonies that did grow on LB medium with gentamicin but not on LB
medium with tetracycline were selected and subjected to colony PCR to confirm
the presence of the gentamicin resistance cassette and the absence of the tetra-
cycline resistance cassette. Positive colonies were confirmed by sequencing the
PCR fragments obtained with the Up forward and Dn reverse primers. The
obtained viscAR and viscBCR mutants were tested for viscosin production by
a drop collapse assay and reverse-phase high-performance liquid chromatogra-
phy (RP-HPLC), as described in the work of de Bruijn et al. (11).
Construction of pME6031-based vectors for heterologous expression. Gener-
ation of the pME6031-massA and pME6031-massBC constructs is described in
the work of de Bruijn et al. (11). The pME6031-massAR construct (previously
referred to as pME6031-luxR-mA) was generated as described previously (13).
The correct pME6031-massA, pME6031-massBC, and pME6031-massAR con-
structs were subsequently electroporated into strain SBW25 and the viscA,
viscB, viscC, viscAR, and viscBCR mutants. Electrocompetent cells were
obtained by washing the cells three times with 1 mM MOPS (morpholinepro-
panesulfonic acid) and 15% glycerol from a 5-ml overnight culture and finally
dissolving the cells in 100 l of the washing buffer. Electroporation occurred as
described above, and selection of transformants was performed on KB medium
supplemented with tetracycline (25 g/ml). Verification of transformation was
performed by PCR analysis using one primer specific for the insert and one
primer specific for the pME6031 vector. Viscosin and massetolide A production
in the transformed SBW25 strain and mutants was tested with a drop collapse
assay, followed by RP-HPLC and liquid chromatography-tandem mass spectrom-
etry (LC-MS/MS) analyses, as described previously (11).
Surface tension measurements and transcriptional analysis. Cells were grown
in a 24-well plate, with 1.25 ml KB broth per well, and shaken at 220 rpm at 25°C.
At specific time points, growth was determined by measuring 100 l in a 96-well
plate in a Bio-Rad 680 microplate reader at 600 nm. From each culture, 1 ml was
collected and spun down. The cells were frozen in liquid N2 and stored at80°C.
For the RNA isolations and cDNA synthesis, four biological replicates were used
for each time point. Biosurfactant production was measured qualitatively by the
drop collapse assay and quantitatively by tensiometric analysis of the cell-free
supernatant (K6 tensiometer; Kruss GmbH, Hamburg, Germany) at room tem-
perature. To get the sufficient volume for the tensiometric analysis, the super-
natants of four biological replicates were collected and pooled for each time
point. The surface tension of each sample was measured in triplicate. RNA
isolation and quantitative PCR (Q-PCR) analysis were performed, as described
previously (11). The threshold cycle (CT) value for viscA was corrected for that
of the housekeeping gene, as follows: CT  CT (viscA)  CT (rpoD). The same
formula was used for the other genes. The relative quantification (RQ) values
were calculated with the formula RQ  2[CT (mutant)  CT (wild type)]. The
primers used for the Q-PCR are described in Table 1. Q-PCR analysis was
performed in duplicate (technical replicates) on four independent RNA isola-
tions (biological replicates). Statistically significant differences were determined
for log-transformed RQ values by analysis of variance (P 0.05), followed by the
Bonferroni post hoc multiple comparisons.
RESULTS AND DISCUSSION
Genetic analysis of LuxR-type regulators flanking CLP bio-
synthesis genes. Analysis of gene clusters and genome se-
quences of various Pseudomonas species and strains known to
FIG. 1. Schematic presentation of various CLP biosynthesis clusters in Pseudomonas species and strains. The CLP biosynthesis genes and their
flanking genes, including the LuxR-type transcriptional regulators (open arrows), are indicated. SBW25, viscosin-producing P. fluorescens strain;
SS101, massetolide-producing P. fluorescens strain; Pf-5, orfamide-producing P. fluorescens strain; MIS38, arthrofactin-producing Pseudomonas sp.;
PCL1445, putisolvin-producing P. putida strain; DC3000, syringafactin-producing P. syringae pv. tomato strain; B301D, syringomycin- and
syringopeptin-producing P. syringae pv. syringae strain. The presence of a LuxR-type transcriptional regulator downstream of the arthrofactin
biosynthesis cluster is not known due to a lack of sequence information.
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produce CLPs revealed that LuxR-type transcriptional regula-
tors are positioned up- and downstream of the CLP biosynthe-
sis genes (Fig. 1). Subsequent alignment and Pfam analysis
showed that the C-terminal regions of these LuxR-type regu-
lators are relatively conserved and contain the typical DNA-
binding HTH motif found in the entire family of LuxR-type
transcriptional regulators (see Fig. S1 in the supplemental ma-
terial). However, they do not harbor the N-AHL-binding do-
main found in LuxR of Vibrio fischeri (23, 38, 40) or the re-
sponse regulator domain in FixJ, which activates the protein
upon phosphorylation (3) (see Fig. S1 in the supplemental
material). Phylogenetic analysis of these LuxR-type proteins
resulted in several distinct clusters, as follows: LuxR-type
regulators located upstream of the CLP biosynthesis genes
clustered separately from the LuxR-type regulators located
downstream of the CLP biosynthesis genes, except for the
LuxR-type regulators SalA, SyrG, and SyrF from P. syringae
pv. syringae, which were dispersed among the two clusters
(Fig. 2). All LuxR-type regulators flanking the CLP biosynthe-
sis genes clustered distantly from other well-known LuxR-type
regulators, including GerE from B. subtilis, FixJ from S. me-
liloti, RhlR and LasR from Pseudomonas aeruginosa, and LuxR
FIG. 2. Phylogenetic analysis of the LuxR-type regulators flanking the Pseudomonas CLP biosynthesis genes (shaded in gray). Also included
in the analysis are other LuxR-type regulators, including LuxR of Vibrio fischeri (GenBank accession no. AAQ90196), LasR and RhlR of
Pseudomonas aeruginosa (GenBank accession no. BAA06489 and NP_252167), PpuR of Pseudomonas putida (GenBank accession no. AAZ80478),
PhzR of Pseudomonas chlororaphis (GenBank accession no. ABR21211), the autonomous effector domain protein GerE of Bacillus subtilis
(GenBank accession no. NP_390719), the phosphorylation-activated response regulator FixJ of Sinorhizobium meliloti (GenBank accession no.
NP_435915), NarL of Escherichia coli (GenBank accession no. CAA33023), UhpA of Salmonella enterica serovar Typhimurium (GenBank
accession no. NP_462689), and the ligand-binding MalT of E. coli (GenBank accession no. AAA83888). The numbers at the nodes indicate the
level of bootstrap support, based on neighbor joining using 1,000 resampled data sets. The bar indicates the relative number of substitutions per
site.
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from V. fischeri (Fig. 2), suggesting that they can be classified as
a separate subfamily of LuxR-type regulators.
Functional analysis of LuxR-type regulatory genes in visco-
sin biosynthesis. The CLP viscosin is produced by plant patho-
genic and beneficial P. fluorescens strains (5, 10, 12). In the
plant growth-promoting strain SBW25, viscosin biosynthesis is
governed by the NRPS genes viscA, viscB, and viscC (Fig. 1)
(12). In contrast to the organization of most other CLP gene
clusters described to date, the visc genes are not genetically
linked (Fig. 1) (12), with viscA located approximately 1.62 Mb
from viscBC on a linear map of the SBW25 genome (12). In
spite of this unusual organization, viscosin biosynthesis in
strain SBW25 does obey the colinearity rule of nonribosomal
peptide biosynthesis (12). Sequence analysis showed that the
viscABC genes are also flanked by two LuxR-type regulator
genes, one located upstream of viscA, designated viscAR, and
one downstream of viscBC, designated viscBCR (Fig. 1).
Genomic inactivation by site-directed mutagenesis of viscAR
or viscBCR resulted in viscosin deficiency, as determined by
drop collapse assays (data not shown) and RP-HPLC analyses
(Fig. 3A and B). Transcriptional analysis by Q-PCR further
showed that a mutation in either viscAR or viscBCR strongly
reduced transcript levels of viscA, viscB, and viscC (Fig. 3C).
These results confirm and extend the results obtained previ-
ously for P. syringae (2, 27, 30) and P. putida (15). In P. syringae
pv. tomato DC3000, however, only the LuxR-type regulator
SyfR upstream of the syringafactin genes appeared to be es-
sential, whereas a mutation of the LuxR-type regulator located
downstream did not affect syringafactin biosynthesis (2). In P.
putida PCL1445, only the LuxR-type regulator psoR, located
upstream of the putisolvin genes, was investigated for its role in
putisolvin production (15), but the function of the other LuxR-
type regulator downstream of the putisolvin genes has, to our
knowledge, not been resolved yet. Q-PCR analyses further
showed that a mutation in either viscAR or viscBCR did not
substantially (change of 2.5-fold) affect transcription of the
other regulator (Fig. 3D), suggesting that they do not tran-
scriptionally regulate each other. In P. syringae pv. syringae, the
LuxR-type regulators SalA and SyrF were shown to be essen-
tial for syringomycin/syringopeptin biosynthesis (27, 30, 31).
Subsequent gel shift analysis revealed that SalA binds to the
promoter region of SyrF, whereas SyrF binds to the syr-syp box
located around the 35 region of the syr-syp cluster (44, 45).
These results elegantly showed that the control of expression
of the syr-syp genes by SalA is mediated through SyrF. Wang
FIG. 3. RP-HPLC analyses of extracts obtained from cell-free cul-
ture supernatants of wild-type Pseudomonas fluorescens SBW25
(A) and the viscAR or viscBCR mutant of strain SBW25 (B). Ex-
tracts of each of the mutants were obtained and analyzed separately;
the RP-HPLC chromatogram shown here is representative for each of
the mutants. The main peak, with a retention time of approximately 26
min, is viscosin; the other peaks, with retention times between 16 and
24 min, are structural derivatives of viscosin. (C) Transcript levels of
viscA, viscB, and viscC in cells of P. fluorescens SBW25, and the vis-
cAR and viscBCR mutants obtained from mid-exponential growth
phase. (D) Transcript levels of viscAR and viscBCR in the viscAR and
viscBCR mutants in mid-exponential growth phase. The transcript
levels of each of the genes was corrected for the transcript level of the
housekeeping gene rpoD [CT  CT (gene x)  CT (rpoD)] and
presented relative to the transcript levels in wild-type SBW25 (log
RQ), with RQ equaling 2[CT (mutant)  CT (wild type)]. Mean values of
four biological replicates are given; error bars represent the standard
errors of the means. Asterisks indicate statistically significant (P 
0.05) differences relative to wild-type SBW25.
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et al. (44) further demonstrated that SalA and SyrF form
homodimers in vitro (44), a process that has been shown to be
critical for DNA binding by other various transcriptional reg-
ulators (17, 33, 46). Whether ViscAR and ViscBCR specifically
bind to the promoter regions of the viscA and/or viscBC bio-
synthesis genes was not addressed in this study. Also, the role
of dimerization of these LuxR-type regulators in the activation
of the viscABC genes remains to be investigated.
Heterologous expression of LuxR-type transcriptional reg-
ulator. Like the physical organization of the viscABC genes in
strain SBW25, the massetolide biosynthesis genes massABC
are not genetically linked in P. fluorescens strain SS101 (Fig. 1)
(11). Blastp and phylogenetic analyses showed that ViscAR
and ViscBCR from strain SBW25 are most similar (82% and
81% amino acid identity, respectively) to MassAR and Mass-
BCR, the two transcriptional regulators in strain SS101 located
upstream of massA and downstream of massBC, respectively
(Fig. 1 and 2; Table 2). In spite of these similarities, however,
the growth characteristics of strains SBW25 and SS101 and,
concomitantly, the dynamics of viscosin and massetolide pro-
duction differ, with a significantly higher growth rate for strain
SBW25 (Fig. 4A). Tensiometric analysis of the cell-free culture
supernatants, which is indicative for viscosin and massetolide
production (11, 12), further showed that viscosin is already
produced by strain SBW25 after 8 h of growth, whereas mas-
setolide production by strain SS101 is detectable after 12 h of
growth (Fig. 4B). To determine if a LuxR-type regulator from
strain SS101 can direct viscosin biosynthesis in strain SBW25,
the massAR gene of strain SS101 was introduced into the
viscAR mutant of SBW25. The results showed that massAR
did not affect growth of the viscAR mutant of SBW25 (Fig.
4C) and restored the viscosin production level to the wild-type
level, as confirmed by tensiometric and RP-HPLC analyses of
the cell-free supernatants (Fig. 4D and E). Moreover, Q-PCR
analysis also revealed that the transcript levels of viscA, viscB,
and viscC were restored to wild-type levels in the massAR-
transformed viscAR mutant of strain SBW25 (Fig. 4F). No
complementation of viscosin production was observed for the
empty vector control (data not shown). These results indicate
that LuxR-type transcriptional regulators can be exchanged
among different Pseudomonas strains, thereby regulating the bio-
synthesis of structurally different CLPs. However, transforma-
tion of the viscBCR mutant of strain SBW25 with the massAR
gene from strain SS101 did not restore viscosin production (see
Fig. S2 in the supplemental material), suggesting that yet un-
known characteristics (e.g., specific residues or domains) are
essential for successful heterologous expression of these LuxR-
type regulatory genes.
Heterologous expression of CLP biosynthesis genes. Since
viscosin (m/z 1126) produced by strain SBW25 and massetolide
(m/z 1140) produced by strain SS101 differ only in the fourth
amino acid of the peptide ring (11, 12), experiments were
conducted to determine (i) if the mass genes could comple-
ment viscosin deficiency of the visc mutants of strain SBW25
and (ii) if a functional viscAR gene is required for successful
expression of the mass genes. We expected that genetic
complementation of the viscA mutant of SBW25 with the
massA gene from SS101 would restore viscosin production. In
contrast, genetic complementation of the viscB mutant with
the massB gene, harboring the adenylation domain of the
fourth amino acid with a signature sequence for isoleucine
instead of valine (see Table S1 in the supplemental material),
should result in massetolide production instead of that of vis-
cosin. The results showed that introduction of the massA or
massBC gene from strain SS101 did not affect growth of each
of the visc mutants of strain SBW25 (data not shown). Sub-
sequent RP-HPLC analyses of cell-free culture supernatants
showed that introduction of the massA gene in the viscA
mutant of SBW25 restored viscosin production to the wild-type
level (Fig. 5A and C). Introduction of the massBC genes in the
viscB mutant did not restore viscosin production but resulted
in massetolide production, as predicted and confirmed by LC-
MS/MS analysis (Fig. 5B and D). Introduction of the massBC
genes in the viscC mutant or in wild-type strain SBW25 re-
sulted in the production of both viscosin and massetolide (Fig.
5E and F). Transformation of the viscAR mutant of SBW25
with massA or massBC did not restore viscosin production, nor
did it lead to massetolide production, indicating that a func-
tional viscAR gene is required for heterologous expression of
the mass genes. These results also showed that large NRPS
TABLE 2. Percent amino acid identity of ViscAR and ViscBCR, the two LuxR-type transcriptional regulators of viscosin biosynthesis in
Pseudomonas fluorescens SBW25, with other LuxR-type regulators flanking the CLP biosynthesis genes in other
Pseudomonas species and strains
Species Strain CLP biosynthesis cluster(s) LuxR-type transcriptionalregulator
% Identity
ViscAR ViscBCR
P. fluorescens SBW25 Viscosin ViscAR 100 42
ViscBCR 42 100
P. fluorescens SS101 Massetolide MassAR 82 41
MassBCR 44 81
P. fluorescens Pf-5 Orfamide LuxR-PFL2143 63 41
LuxR-PFL2150 36 63
Pseudomonas sp. MIS38 Arthrofactin ORF1-MIS38 62 32
P. syringae pv. tomato DC3000 Syringafactins SyfR 56 37
LuxR-pspto2833 41 44
P. putida PCL1445 Putisolvin PsoR 54 29
LuxR-PCL1445 40 52
P. syringae pv. syringae B301D Syringomycin/syringopeptin SyrG 49 30
SyrF 48 30
SyrA 27 38
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genes encoding CLPs can be exchanged among different
Pseudomonas strains, leading to the production of nonnative
compounds.
Concluding remarks. Over the past decade, the biosynthesis
genes of at least eight CLPs produced by Pseudomonas species
have been identified and sequenced (2, 11, 12, 15, 22, 34). In
contrast, very little is known about the genetic network in-
volved in regulation of CLP biosynthesis. For plant growth-
promoting P. fluorescens strain SBW25, only the gacS gene has
been identified to date as a regulator of viscosin biosynthesis
(12). This study established that viscosin production in strain
SBW25 is also regulated by two LuxR-type genes, designated
viscAR and viscBCR. Phylogenetic and domain analyses
showed that the LuxR-type regulators flanking CLP biosynthe-
sis genes in Pseudomonas, including ViscAR and ViscBCR,
belong to a separate LuxR subfamily of proteins: they contain
the typical HTH domain in the C-terminal region but lack the
N-AHL-binding or response regulator domains found in other
FIG. 4. (A) Growth of Pseudomonas fluorescens strains SBW25 and SS101 in KB at 25°C; at each time point, cell density was measured
spectrophotometrically (600 nm), and mean values from four replicates are given; error bars represent the standard deviations of the means.
(B) Surface tension of cell-free culture supernatant of strains SBW25 and SS101 given in legend to panel A. (C) Growth of Pseudomonas fluorescens
SBW25, its viscAR mutant, and the viscAR mutant plus pME6031-massAR at 25°C; at each time point, cell density was measured spectropho-
tometrically (600 nm), and mean values from four replicates are given; error bars represent the standard deviations of the means. (D) Surface
tension of cell-free culture supernatant of strain SBW25 and the different mutants given in legend to panel C. (E) RP-HPLC analysis of the
viscAR mutant plus pME6031-massAR. (F) Transcript levels of viscA, viscB, and viscC in cells of wild-type SBW25, the viscAR mutant, and the
viscAR mutant plus pME6031-massAR obtained from mid-exponential growth phase. The transcript levels of each of the genes was corrected
for the transcript level of the housekeeping gene rpoD [CT  CT (gene x)  CT (rpoD)] and presented relative to the transcript levels in
wild-type SBW25 (log RQ), with RQ equaling 2[CT (mutant)  CT (wild type)]. For each time point, mean values from four biological replicates
are given; error bars represent the standard errors of the means. Asterisks indicate statistically significant (P  0.05) differences relative to
wild-type SBW25.
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LuxR-type regulators (3, 23, 38, 40). The results showed, for
the first time, that these LuxR-type transcriptional regulators
can be exchanged among different Pseudomonas strains,
thereby regulating the biosynthesis of structurally different
CLPs. Genetic engineering of NRPS and polyketide synthase
biosynthesis genes has received considerable interest in natural
product research, as it provides a means to generate novel
derivatives with more specific or enhanced activities (4, 6, 29,
42). For example, modification of genes involved in the bio-
synthesis of daptomycin and carotenoids resulted in a library of
novel derivatives and generated valuable information on struc-
tural features required for antibacterial activity (32, 37). Work
by Eppelmann et al. (19) showed that expression of the com-
plete bacitracin biosynthesis cluster of the slow-growing Bacil-
lus licheniformis in a surfactin-deficient (srfA) mutant of B.
subtilis resulted in elevated levels of bacitracin compared to
those of the natural producer. In many cases, however, yields
of nonnative or structurally novel NRPS/polyketide synthase
products are relatively low (6, 29, 42). Whether this is related
to inefficient transcriptional regulation, poor communication
between the encoded NRPS, or limited efflux of the final prod-
ucts remains to be addressed.
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